STRUCTURE, THERMODYNAMICS, AND ENERGY CONTENT OF PERCHLORATE CONTAINING MANGANESE-CLUSTERS by Kawamura, Colton
Calhoun: The NPS Institutional Archive
DSpace Repository
Theses and Dissertations 1. Thesis and Dissertation Collection, all items
2020-09
STRUCTURE, THERMODYNAMICS, AND
ENERGY CONTENT OF PERCHLORATE
CONTAINING MANGANESE-CLUSTERS
Kawamura, Colton
Monterey, CA; Naval Postgraduate School
http://hdl.handle.net/10945/66089
This publication is a work of the U.S. Government as defined in Title 17, United
States Code, Section 101. Copyright protection is not available for this work in the
United States






STRUCTURE, THERMODYNAMICS, AND ENERGY 





Thesis Advisor: Joseph P. Hooper 
Second Reader: Warren W. Tomlinson 
Approved for public release. Distribution is unlimited. 
THIS PAGE INTENTIONALLY LEFT BLANK 
 REPORT DOCUMENTATION PAGE  Form Approved OMB No. 0704-0188
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing 
instruction, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of 
information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions 
for reducing this burden, to Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis 
Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-
0188) Washington, DC 20503.




3. REPORT TYPE AND DATES COVERED
Master's thesis
4. TITLE AND SUBTITLE
STRUCTURE, THERMODYNAMICS, AND ENERGY CONTENT OF
PERCHLORATE CONTAINING MANGANESE-CLUSTERS
5. FUNDING NUMBERS
6. AUTHOR(S) Colton Kawamura












11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the
official policy or position of the Department of Defense or the U.S. Government.
12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release. Distribution is unlimited.
12b. DISTRIBUTION CODE 
A
13. ABSTRACT (maximum 200 words)
This thesis uses density functional theory calculations to examine the electronic structure 
and thermochemistry of a new manganese-perchlorate cluster recently synthesized by Zdilla and 
coworkers. The cluster is atypical for an energetic material, consisting of tetrazene and perchlorate groups 
around a cage-like core of manganese and nitrogen. Calculations indicate that the manganese in the cluster 
core are in an Mn(II) oxidation state and oriented in a high-spin configuration. Ab initio thermodynamic 
calculations combined with an equilibrium thermochemical code predict a heat of combustion of 2.97 
kcal/mol for the cluster in its solid-state structure. The adiabatic flame temperature is predicted to be 1363 
K, with Mn primarily reacting to MnO. During combustion in air, the cluster/solvent system is predicted to 
produce MnO until below 1100 K, where it oxidizes further into MnO2 by reducing NO2. 
14. SUBJECT TERMS




















NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18
i 
THIS PAGE INTENTIONALLY LEFT BLANK 
ii 
Approved for public release. Distribution is unlimited. 
STRUCTURE, THERMODYNAMICS, AND ENERGY CONTENT OF 
PERCHLORATE CONTAINING MANGANESE-CLUSTERS 
Colton Kawamura 
Lieutenant, United States Navy 
BS, U.S. Naval Academy, 2012 
Submitted in partial fulfillment of the 
requirements for the degree of 
MASTER OF SCIENCE IN PHYSICS 
from the 
NAVAL POSTGRADUATE SCHOOL 
September 2020 
Approved by: Joseph P. Hooper 
Advisor 
Warren W. Tomlinson 
Second Reader 
Kevin B. Smith 
Chair, Department of Physics 
iii 
THIS PAGE INTENTIONALLY LEFT BLANK 
iv 
ABSTRACT 
This thesis uses density functional theory calculations to examine the electronic 
structure and thermochemistry of a new manganese-perchlorate cluster recently 
synthesized by Zdilla and coworkers. The cluster is atypical for an energetic material, 
consisting of tetrazene and perchlorate groups around a cage-like core of manganese and 
nitrogen. Calculations indicate that the manganese in the cluster core are in an Mn(II) 
oxidation state and oriented in a high-spin configuration. Ab initio thermodynamic 
calculations combined with an equilibrium thermochemical code predict a heat of 
combustion of 2.97 kcal/mol for the cluster in its solid-state structure. The adiabatic flame 
temperature is predicted to be 1363 K, with Mn primarily reacting to MnO. 
During combustion in air, the cluster/solvent system is predicted to produce MnO until 
below 1100 K, where it oxidizes further into MnO2 by reducing NO2. 
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In this thesis we examine the electronic structure and thermochemistry of a manganese-
perchlorate cluster recently synthesized by collaborators at Temple University. Initial tests
indicate that the perchlorate groups and the high nitrogen content lead to rapid exothermic
decomposition, suggesting the cluster may have use as an energetic material. The structure
of the cluster is atypical for an energetic material, consisting of tetrazene and perchlorate
groups attached to a cage-like core of manganese and nitrogen. We use ab initio compu-
tational modeling to examine the electronic structure of the core, as well as calculate key
thermodynamic quantities such as the enthalpy of formation and expected decomposition
products.
1.2 Computational Modeling Methods
We begin with a short overview of the computational methods used. Due to the complexity
of the many-body Schrodinger equation, analytic solutions are not feasible. Even with the
use of the Born-Oppenheimer approximation, shown in equation 1.1, which treats the kinetic
energy of the nuclei )̂## as negligible relative to the other contributions of energy, themany-
body Schrodinger equation is still analytically unsolvable for systemsmore complex than the
hydrogen atom. The other contributions of energy include the nuclei-nuclei potential energy
+̂## , the kinetic energy of the electrons )̂4, the potential energy between the electrons and
nuclei +̂4# , and the potential energy between the electrons +̂44.
̂ = +̂## + )̂4 + +̂4# + +̂44 + )̂##
≈ +̂## + )̂4 + +̂4# + +̂44 (1.1)
Many computational methods exist to approximate the ground state energy of complex




Hartree-Fock theory attempts to make an ansatz of the wave function and then uses the
variational method to find an approximate ground state energy of a system. However, the
initial guess of the wave function is founded on assuming a wave function is composed
of non-interacting particles. This assumption creates a difference in energy between exact
ground state energy exact and the approximated energy in Hartree-Fock theory  after
applying ̂. This difference is called the correlation energy  ,
 = exact −  . (1.2)
The order of magnitude of the  can be significantly large despite being a small percent-
age of exact [2]. For this reason, alternative methods have been developed to attempt to
approximate more accurate ground state energies.
1.2.2 Density Functional Theory
Density functional theory treats the ground state energy of a system as a functional of
electron density  [d], and uses the variational method to adjust the electron density until
a minimum is found. Application of the Hohenberg-Kohn theorems break the energy func-
tional shown in equation 1.3 into four components–the constant potential from nucleus-
nucleus interaction +## , the electric interaction between the nucleus and electrons +4# [d],
the Coulomb integral  [d], the kinetic energy of the non-interacting particles )( [d], and
the exchange-correlation energy term - [d] [2]. All of which are readily calculable if d
is known except for - [d].
 [d] = +## ++4# [d] +  [d] + )( [d]︸                                 ︷︷                                 ︸
Known
+ - [d]︸   ︷︷   ︸
Unknown
(1.3)
The components of - [d] include the exchange integral - [d], the correlation energy
term  [d], and the difference between kinetic energy of the interacting particles and
non-interacting particles ) [d] − )( [d]
- [d] = - [d] +  [d] + ) [d] − )( [d], (1.4)
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where ) [d] − )( [d] is presumably small and commonly neglected [2]. Furthermore,  [d]
combined with - [d] accounts for all of the electron-electron exchange interactions in the
system. The composition and choice of - [d] is often the crux of many DFT applications.
1.2.3 Exchange-Correlation Functionals
There is significant literature on the choice of a practical - [d], with many approaches
using empirical fitting, a physical model system, or some combination of both. “Local”
methods of approximating - [d] use the known exact form of the exchange energy of a
uniform electron gas as a base for estimating the rest of - [d] [2]. This approach, referred
to as the local density approximation (LDA), still finds use for analysis of periodic solid
state structures but is generally not preferred for thermochemical calculations [2]. Another
local method, the generalized gradient approximation (GGA), follows LDA’s approach but
uses derivatives of the non-uniform electron density to improve accuracy [2]. Meta-GGA
exchange-correlation functionals expand this further, using higher-order derivatives of the
non-uniform electron density [2].
These local methods, while accurate for certain systems, have difficultly capturing non-
local interactions such as van der Waals forces. Many approaches have been developed to
improve this. In this work we primarily utilize hybrid functionals, which incorporate various
percentages of the HF exact exchange term 
-
[d] in combination with the DFT exchange
term - [d]. For example, the functional B3LYP uses 20% - [d] in its formulation [3].
An array of hybrid functions exists which allow one to select the degree of non-locality in
their calculations. Based on prior success in treating small manganese cluster materials, we
focus primarily on the Minnesota group of functionals. Of this group of functionals, the
hybrid meta exchange-correlation functional M06-2X incorporates a high amount of non-
locality, specifically 54% 
-
[d], useful for extensive ligand interactions as present in the
cluster of interest [4]. The functional’s performance was optimized by minimizing an error
function benchmarked against a spectrum of databases composed of 12 other functionals’
performance [4].
1.2.4 Basis Sets
The resolution of the calculation of the electron density is determined by the choice of
basis set. These basis sets consist of Gaussian functions in Gaussian 16. The number of
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Gaussian functions used to represent a molecular orbital are commonly labeled by their
“zeta” determiner. For example, a double-zeta basis set would use two Gaussian functions
for every orbital to represent the electron density. A triple-zeta basis set would use three per
orbital. Higher-level zeta basis sets exist but are limited in use due to their computational cost
for large systems. The choice in basis sets is much like the choice in exchange-correlation
functional and is highly dependent on the system and computational resources.
1.3 Cheetah Calculations
Thermochemical calculations from DFT results are used as input parameters for the ther-
mochemical code Cheetah 8.0. It is an export-controlled physics- and chemistry-based
computational software that predicts the performance of energetic formulations. Rooted in
the Chapman-Jouguet theory of detonation, it can predict within 1 percent of fundamental
characteristics of experimental and theoretical energetic materials [5].
1.4 Geometry
The manganese cluster is composed of two six-member rings made of alternating man-
ganese and nitrogen atoms. Each manganese bonds to a perchlorate group. Each nitrogen is
connected to a tetrazole group with a 2-methylpropane on the third member. The molecular
structure is shown in Figure 1.1.
4
(a) Molecular Software (b) 3D Lewis Structure. Source: [6].
Figure 1.1. Original Structure of the cluster obtained from Experimental
Collaborators
The starting isolated cluster structure was built from the experimental single-crystal diffrac-
tion data after removing the solvent in the unit cell.
5





Thermodynamic calculations and geometry optimizations of the manganese core clusters
were performed with DFT using the M06-2X [4] functional and the Pople double-zeta 6-
31G* [7] basis set. Six combinations of four functionals (PBEPBE [8], B3LYP [3], B98 [9],
PBE0 [10]) and two basis sets (Def2SV [11], cc-pVDZ [12]) were used to benchmark
the ground state spin multiplicity calculated by M06-2X. While triple-zeta basis sets can
give higher resolution optimizations and thermochemical results, double-zeta basis sets
gave the optimal balance between accuracy and computational speed for this cluster and
thus were employed throughout the research. An UltraFine grid (99,590 grid) was used
to obtain a higher resolution of the potential energy. The self-consistent field parameter
was set to the quadratically convergent algorithm to aid in the convergence process. All
DFT calculations were performed using the Gaussian 16 software running at the Air Force
Research Laboratory supercomputing center. Thermodynamic quantities were calculated
with Cheetah 8.0 [5].
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Prior to computationally optimizing the cluster geometry, we first determined the ground
state spin multiplicity. This was done by performing multiple single point energy (SPE)
calculations with all atoms fixed at the experimental crystalline geometry. The M06-2X/6-
31G* functional and basis set combination were the initial parameters due to historical
success with other metal-containing clusters [4].
3.1.1 Spin State Multiplicity
Spin multiplicity is a measure of the possible spin angular momentum values which cor-
respond to a given total spin quantum number ( for the given system [13]. It is calculated
as
2( + 1, (3.1)
or in terms of the number of unpaired electrons =,
= + 1. (3.2)
Manganese is a high-spin metal that typically has five unpaired electrons. In the cluster with
six manganese, this state yields a total of 30 unpaired electrons corresponding to a spin
multiplicity of 31. As more unpaired electrons pair, the total number of unpaired electrons
decreases incrementally according to equation 3.2. Thus, assuming the manganese have
a homogeneous spin state, spin multiplicities 31, 25, and 19 were examined to find the
ground state multiplicity. However, it is not uncommon for metals to have heterogeneous
spin states. To ensure proper resolution of the ground state multiplicity, heterogeneous spins
state multiplicities that can occur between the aforementioned homogeneous spins states
were analyzed. Furthermore, manganese can have hybridized orbitals. In these cases, the
number of unpaired electrons can increase to seven electrons for manganese. Therefore,
spin multiplicities up to 41 were examined.
9
3.1.2 Ground State Multiplicity
Figure 3.1 shows the spin multiplicity of 31 as the ground state energy. A spin multiplicity
of 31 indicates there are 30 unpaired electrons shared among the six manganese indicating
each manganese has five unpaired electrons which is consistent with an oxidation state +2.
Upon initial inspection of each manganese, each of which is bonded to three nitrogen atoms,
one would expect an oxidation state of +3. However, as indicated by the ground state energy
of the structure, this is not the case.


















Figure 3.1. Energy levels are relative to the minimum energy.
Analysis of the Mulliken spin density indicates there is a mean spin up density of 4.896 4 on
the six manganese. This density leads to 30e worth of density in the spin-up configuration in
the cluster–97.8% of which resides amongst the metal core. The remaining 2.2% is smeared
across the 168 atoms of the cluster. Since the majority of the electronic density resides in
the core, this leads to a highly magnetic core cluster.
3.2 Basis Set and Functional Benchmarking
Benchmarking was performed to ensure correct identification of the ground state multiplic-
ity. Two different basis sets were used with the M06-2X functional to provide fidelity of the
10
6-31G* basis set performance. Afterwards, four additional functionals with varying levels
of non-locality were used with the 6-31G* basis set to cover the spectrum of 
-
[d].
3.2.1 M06-2X Functional with cc-pVDZ and Def2SV Basis Sets
The first two combinations incorporated the Minnesota functional M06-2X used in the
original set of calculations with two different basis sets. The first was a Dunning family
basis set cc-pVDZ, which is a correlation consistent polarization double zeta basis set best
used on first and second-row elements [12]. Since there is no Dunning family basis set
with historical success with manganese-row elements, cc-pVDZ was chosen as its benefits
capture the majority of the constituent atoms in the molecule: hydrogen, carbon, nitrogen,
and oxygen [12]. The second basis-set (Def2SV) is from the Ahlrichs family of basis sets,
which are useful for systems with metal centers. Each basis set in the Ahlrichs family
is characterized by their success with different masses of metals. More specifically, the
SDD functional is the most promising of the Ahlrichs family for manganese-containing
systems [11]. However, its success is significantly reduced when used on clusters with metal
centers, such as our six-manganese cluster [11]. Therefore, the next closest, Def2SV, was
chosen.
3.2.2 Functionals with varying levels of HF
A total of five different functionals which span the spectrum of 
-
[d] and the 6-31G*
basis set were used to benchmark the ground state multiplicity and are summarized in Table
3.1.












First, a functional with no HF exact-exchange was used to identify any variation of results
between hybrid and non-hybrid functional methods. The PBE functional was chosen for its
success onmoleculeswithmetals andmagnetic effects [8]. Next, two hybrid functionalswith
varying levels of 
-
[d] were implemented. The B98 hybrid functional is best recognized
for its ability to obtain accurate thermochemical properties [9]. The PBE0 hybrid functional
contains a significant amount of 
-
[d] and was used to verify the spin multiplicities with
slightly higher amounts of HF exact-exchange [10]. The final functional bench-marker was
B3LYP, as it is currently one of the most popular functionals due to its ability to produce
accurate results in less computational time [3]. The result of each set of calculations shown
in Figure 3.2 confirms 31 as the ground state spin multiplicity.
12
































Figure 3.2. Ground state multiplicities for varying functional/basis-set com-




With the ground state spin multiplicity identified, the manganese-nitrogen core was con-
strained, and geometry optimization was performed on the ligands. This was essential due to
the highly unstable structure of the clusters during the full degree of freedom optimization,
which resulted in an unphysical twisting of the molecular structure. After the optimizations
were completed, the core was uniformly expanded/contracted, and optimization of the lig-
ands was conducted with the nitrogen-manganese core coordinates locked. This method
was repeated with varying bond lengths of the manganese core until an energy minimum
was found.
Two isomers of the cluster were found using this method, one of which differed from the
experimental crystalline geometry. However, differences in the heats of formation of the
isomers were negligible, and thus the one closest to the experimental structure was chosen
as the candidate for further analysis.
3.4 Optimized Isomers
Geometry optimization by variation of core bond lengths using M06-2X/6-31G* led to
the two possible stable geometries shown in Figure 3.3. In one the ligands are twisted
significantly compared to the single-crystal x-ray data. The other optimized geometry shown
in Figure 3.3 (a) closely matches the crystal structure shown in Figure 1.1. Both geometries
have zero imaginary frequencies and therefore represent energyminimums for themolecule.
Both isomers have larger rings by 8.28% for the straight geometry and 6.49% for the twisted.
Furthermore, the bonds which connect the center rings are larger in the isomers by 1.78%
for the straight and 3.36% for the twisted geometry. Actual bond lengths are displayed in
Table 3.2.
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(a) Straight Isomer (b) Twisted Isomer
Figure 3.3. Two isomers produced by geometry optimization. One (b) has
a significant twisted (circled) in tetrazole ligands which are not physically
representative of the experimental model.
Table 3.2. Average bond length of core rings by structure.
Average Bond Lengths (Angstrom)




Next, we consider calculation of the heat of formation of the two isomers – a key input for
thermochemistry calculations in Cheetah. Gaussian 16 uses the partition function @(+,))
of the four components of thermodynamic quantities to determine the energy contribution
from each component. The four components of the total energy C>C are from translation,
electronic motion, rotational motion, and vibrational motion. The internal thermal energy
from all four components is obtained via the partition function from the molar values given
from molecule inputs. From the internal energy, the constant volume heat capacity + can
15
be calculated. The correction thermal enthalpy,2>AA , is calculated using the thermal energy
and temperature,
2>AA = C>C + :1) (3.3)
and combines this with the total entropy obtained from the partition function to calculate a
thermal correction to Gibbs free energy
2>AA = 2>AA − )(C>C . (3.4)
2>AA and 2>AA combined with other thermochemistry outputs from Gaussian 16 were
used to compute the heats of formation (at 0 K and 298 K) for the manganese cluster. Each
frequency calculation was performed with the same functional and basis set combination as
the frequency calculations conducted on the optimized geometries of themanganese-cluster.
3.5 Thermochemistry
3.5.1 Heat of Formation at 0 K
Heat of Formation at 0 K Δ 5<>;42D;4(0  ) for the manganese cluster can be defined as the





weighted by the number of each respective atoms present in the molecule (=)





. Δ 5<>;42D;4(0  ) can be re-written as
Δ 5
<>;42D;4















where all variables are calculated by Gaussian except Δ 50C><B(0  ) , which were obtained from
experimental values in Table 3.3.
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. Adapted from [1].
Experimental Values
Element Δ 50C><(0  ) Δ 5
0C><
(298  ) − Δ 5
0C><
(0  ) (
0C><
(298  )
C 169.98 ± 0.1 .25 37.787 ± 0.21
H 51.63 ± 0.001 1.01 27.41 ± 0.004
N 112.53 ± 0.02 1.04 36.640 ± 0.01
O 58.99 ± 0.02 1.04 38.494±0.005
Mn1 67.412 ± 1.0 .287 41.519
3.5.2 Calculation of Heat of Formation at 298 K
Heats of formation at 298 K Δ 5<>;42D;4(298  ) for the manganese cluster can be defined as the








subtracted from the sum the heat of formation of the molecule at 0 K and the enthalpy











(298  ) = Δ 5
<>;42D;4




























are experimental values provided in Table 3.3, and(
Δ 5
<>;42D;4




is calculated from Gaussian thermochemistry outputs
<>;42D;42>AA and <>;42D;4/% :(
Δ 5
<>;42D;4




= <>;42D;42>AA − <>;42D;4/% . (3.7)
1Adapated from NIST Standard Reference Data Program: M. W. Chase et al. (1985).
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3.5.3 Thermochemistry Results
Although the twisted isomer has a slightly lower heat of formation, both isomers are very
similar overall as displayed in Table 3.4. Both are negative, indicating that the formation
of the cluster is exothermic. Further calculations were done using the straight geometry
since the experimental structure from experimental collaborators is more similar to the
straight geometry, and the difference in thermochemical results are negligible compared to
the difference in geometry.
Table 3.4. Calculated values of enthalpies for two ground state geometries
[kcal/mol].
Calculated Values





(0  ) -281.35 -282.50 1.15
Δ 5
<>;42D;4
(298  ) -356.66 -357.89 1.23
3.6 Cheetah Calculations
The straight isomer and Cheetah 8.0 software provided by the Energetic Material Center
at Lawrence Livermore National Laboratory were used to calculate the heat of combustion
and products of combustion. In order to accomplish this task, a reactant profile was created
using the density and heat of formation. For future comparisons with combustion data, both
the cluster and the dichloromethane solvent present in the crystal are included. This creates
additional difficulty in determining the exact thermodynamic qualities of the cluster as the
density of the energetic material is a significant factor. While the solvent was removed for
DFT calculations of its basic electronic structure, both the cluster and the solvent must be
considered for density and reaction product calculations.
3.6.1 Reactant Profile Input Parameters
The single-crystal X-ray diffraction geometry contains a unit cell of 4199.89 Å3. Within this
cell, one cluster molecule (molar mass of 1851.5 g/mol) and three dichloromethane (84.93
18








6.02 × 1023 molecules
= 3.5 × 10−21 g,
(3.8)
and thus has a density of






Input reactant characteristics included the Δ 5mixture and the density of the mixture calcu-
lated in equation 3.9. Δ 5mixture was calculated to be
Δ 5
mixture = 1 × −356.7kcal
mol






The cluster-solvent mixture is under-oxidized with an oxygen balance of -75.200% by mass
if CO2 is formed, and -45.576% if CO is formed.
3.6.2 Heat of Combustion
Using the input parameters calculated in equations 3.9 and 3.10, Cheetah calculates a heat
of combustion of 2.9701kcalg . This is a TNT equivalence of 0.855 (per gram) for combustion.
3.6.3 Single Thermodynamic Point at Ambient Conditions
A single thermodynamic point was conducted at ambient conditions (298 K and 1 atm)
using Cheetah. The resulting products of the reaction are included in Table 3.5. This point
represents conditions if the entire cluster and solvent system reacted, and was brought to
ambient pressure and temperature.
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Table 3.5. Calculated products of reaction products state without air at
ambient and adiabatic flame temperatures.
Reaction Products
Product Phase Mole Frac [1363 K] Mole Frac [298 K]
H2 Gas .3086 –
C Graphite .1972 .1880
CO Gas .1729 –
N2 Gas .1439 .2082
MnO Solid .05753 .08328.
CH4 Gas .004023 .2287
CH4 Gas .00423 –
CH4 Gas .00423 –
HCl Gas .004023 .1666
HCN Gas .0004181 –
Mn Gas .00009926 –
H+ Gas .00007616 –
Cl− Gas .00007616 –
H2O Gas .00006146 .0005927
C2H2 Gas .00002532 –
CO2 Gas .00001690 .1246
C2H4 Gas .000008628 –
NH3 Gas .000007442 –
3.6.4 Reaction Products Without Air
An adiabatic flame temperature of 1363 K was calculated by simulating a constant pressure
explosion at 1 atm. A 10-step constant pressure (1 atm) thermodynamic isoline starting from
ambient conditions (298 K) to the flame temperature was then used to calculate the reaction
products without access to air. The products of this calculation are displayed in Figure 3.4.
From the calculated products, gas phase manganese appears briefly as a product at the flame
temperature with a mole fraction of 0.000099, but disappears quickly as the temperature
20
cools.

























Figure 3.4. Omitting other negligible concentrations of C2H2, C2H4, C2H6,
Cl−, H2, HCN, and H+.
3.6.5 Reaction Products With Air
A 10-step constant pressure (1 atm) thermodynamic isoline starting from the adiabatic flame
temperature (1363 K) to ambient conditions (298 K) was then used to calculate the reaction
products with ready access to air. The products of this calculation are displayed in Figure
3.5. N2 and O2 from the air are omitted from the mole fraction and the remaining products
are normalized.
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Density functional theorywas used to calculate the electronic structure and thermochemistry
of a recently-synthesized manganese perchlorate cluster compound. Information from the
ab initio calculations was used in an equilibrium thermochemical code to predict products
of combustion in both air and vacuum.
The M06-2X Minnesota functional and the 6-31G* basis set were used to determine the
ground state multiplicity of the cluster. This was benchmarked with four additional func-
tionals and two different basis sets. Results from all seven calculations suggest a ground
state multiplicity of 31. Analysis of the ground state electronic structure indicates there are
a total of 30 unpaired electrons across the structure. The majority of these are localized
on the manganese atoms. This distribution is characteristic of a highly magnetic core. In
addition, the 30 unpaired electrons indicate each of the five manganese has an oxidation
state of +2.
Geometry optimization was accomplished by determining the lowest energy arrangement
of constituent ligands with a static manganese-nitrogen core. After arriving at an optimized
structure with a static center, the core atoms were uniformly optimized until a total ground
state configurationwas found.Geometry optimization of the ground state electronic structure
produced two isomers. One of these differs significantly from the experimental geometry
obtained by single-crystal X-ray diffraction, but the resulting enthalpy of formation of both
structures is similar. Thus, the geometry that more closely resembles the experimental data
was used for further calculations.
Results obtained from computational methods were used to calculate thermodynamic prop-
erties with the Cheetah 8.0 software. These properties include a 75.200% by mass under-
oxidized solvent-cluster mixture, a heat of combustion of 2.9701 kcal mol−1, and a TNT
equivalence of 0.855 per gram for combustion. Single thermodynamic point calculations
at ambient conditions without air suggest products high in graphite, nitrogen gas, methane
gas, and carbon dioxide. Further calculations yield an adiabatic flame temperature of 1363
K at 1 atm. At this temperature, gas phase manganese exists ephemerally, then oxidizes to
23
MnO immediately with cooling. During combustion in air, the co-crystal yields MnO until
approximately 1,100 K, where it oxidizes into MnO2 by reducing NO2.
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APPENDIX: Geometry Coordinates
Table A.1. Cartesian coordinates used for initial geometry optimization.
Atom X Y Z
M 9.40746 7.97600 8.13487
M 8.92791 7.97600 3.61987
M 7.89020 6.10658 6.56338
M 10.44517 9.84541 5.19137
M 10.44517 6.10658 5.19137
M 7.89020 9.84541 6.56338
C 11.06231 7.97600 10.62511
C 7.27306 7.97600 1.12963
O 9.62884 7.97600 10.25249
O 8.70653 7.97600 1.50226
O 11.78075 7.97600 9.36618
O 6.55462 7.97600 2.38856
O 11.33058 9.15166 11.36213
O 7.00479 6.80034 0.39261
O 7.00479 9.15166 0.39261
O 11.33058 6.80034 11.36213
N 7.42864 7.97600 7.42900
N 10.90672 7.97600 4.32575
N 5.05273 7.97600 7.06460
N 13.28264 7.97600 4.69014
N 4.04716 7.97600 7.92622
N 14.28821 7.97600 3.82852
N 4.35501 7.97600 9.12873
N 13.98036 7.97600 2.62601
N 5.68886 7.97600 9.07348
N 12.64650 7.97600 2.68126
25
N 8.39508 6.13514 4.55496
N 9.94029 9.81686 7.19978
N 9.94029 6.13514 7.19978
N 8.39508 9.81686 4.55496
N 8.73277 4.67553 2.69654
N 9.60260 11.27647 9.05820
N 9.60260 4.67553 9.05820
N 8.73277 11.27647 2.69654
N 7.85598 3.99917 1.94776
N 10.47939 11.95283 9.80698
N 10.47939 3.99917 9.80698
N 7.85598 11.95283 1.94776
N 6.63069 4.11243 2.29805
N 11.70467 11.83957 9.45669
N 11.70467 4.11243 9.45669
N 6.63069 11.83957 2.29805
N 6.69326 4.93395 3.35480
N 11.64210 11.01805 8.39994
N 11.64210 4.93395 8.39994
N 6.69326 11.01805 3.35480
C 6.14658 7.97600 7.82043
C 12.18879 7.97600 3.93431
C 6.45262 8.01109 10.28540
C 11.88274 7.94090 1.46934
H 6.95293 8.85339 10.33204
H 11.38243 7.09861 1.42270
H 11.38243 8.85339 1.42270
H 6.95293 7.09861 10.33204
H 12.48646 8.00423 0.70022
N 8.39508 6.13514 4.55496
N 9.94029 9.81686 7.19978
N 9.94029 6.13514 7.19978
N 8.39508 9.81686 4.55496
26
N 8.73277 4.67553 2.69654
N 9.60260 11.27647 9.05820
N 9.60260 4.67553 9.05820
N 8.73277 11.27647 2.69654
N 7.85598 3.99917 1.94776
N 10.47939 11.95283 9.80698
N 10.47939 3.99917 9.80698
N 7.85598 11.95283 1.94776
N 6.63069 4.11243 2.29805
N 11.70467 11.83957 9.45669
N 11.70467 4.11243 9.45669
N 6.63069 11.83957 2.29805
N 6.69326 4.93395 3.35480
N 11.64210 11.01805 8.39994
N 11.64210 4.93395 8.39994
N 6.69326 11.01805 3.35480
C 6.14658 7.97600 7.82043
C 12.18879 7.97600 3.93431
C 6.45262 8.01109 10.28540
C 11.88274 7.94090 1.46934
H 6.95293 8.85339 10.33204
H 11.38243 7.09861 1.42270
H 11.38243 8.85339 1.42270
H 6.95293 7.09861 10.33204
H 12.48646 8.00423 0.70022
H 5.84890 8.00423 11.05452
C 15.68964 8.02545 4.23876
C 2.64572 8.02545 7.51598
C 16.49789 7.27252 3.10560
C 1.83748 8.67948 8.64914
H 17.44246 7.22860 3.36112
H 0.89291 8.72340 8.39363
H 16.16045 6.36601 2.94459
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H 2.17492 9.58599 8.81016
H 16.40423 7.80507 2.28837
H 1.93114 8.14693 9.46638
C 15.78716 6.96943 5.44715
C 2.54821 8.98257 6.30760
H 16.71881 6.91527 5.74647
H 1.61656 9.03673 6.00827
H 15.22870 7.30804 6.17818
H 3.10666 8.64396 5.57657
H 2.85940 6.07813 6.57007
H 15.47596 9.87387 5.18468
H 2.85940 9.87387 6.57007
C 16.16417 9.32554 4.59610
C 2.17120 6.62646 7.15864
H 17.10655 9.28966 4.86625
H 1.22882 6.66234 6.88849
H 16.07719 9.90731 3.80795
H 2.25818 6.04469 7.94679
H 15.62415 6.27196 5.32583
C 7.97891 5.30244 3.60753
C 10.35645 10.64955 8.14721
C 10.35645 5.30244 8.14721
C 7.97891 10.64955 3.60753
C 5.45660 5.34551 3.99073
C 12.87876 10.60648 7.76401
C 12.87876 5.34551 7.76401
C 5.45660 10.60648 3.99073
H 4.72195 5.29152 3.34327
H 13.61342 10.66048 8.41147
H 13.61342 5.29152 8.41147
H 4.72195 10.66048 3.34327
H 5.54284 6.26762 4.30989
H 12.79252 9.68438 7.44485
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H 12.79252 6.26762 7.44485
H 5.54284 9.68438 4.30989
H 5.26607 4.75381 4.74888
H 13.06929 11.19819 7.00586
H 13.06929 4.75381 7.00586
H 5.26607 11.19819 4.74888
C 8.29629 3.15530 0.82283
C 10.03908 12.79669 10.93191
C 10.03908 3.15530 10.93191
C 8.29629 12.79669 0.82283
C 9.69642 3.63068 0.38791
C 9.69642 12.32132 0.38791
H 8.68224 11.38373 11.64676
H 9.65313 11.38373 0.10798
H 10.32039 3.54189 1.13865
H 10.32039 12.41011 1.13865
C 9.99495 1.68932 10.50874
C 8.34042 14.26268 1.24600
H 9.70357 1.13712 11.25700
H 8.63180 14.81488 0.49774
H 9.36964 14.36602 9.75769
H 10.89150 1.40674 10.21917
H 7.44387 14.54526 1.53557
H 8.44191 4.38627 11.38467
C 9.11863 2.02750 1.47640
C 9.21673 13.92450 10.27835
H 9.44875 1.41995 0.78241
H 8.88661 14.53205 10.97234
H 9.87791 2.41571 1.95936
H 8.45745 13.53629 9.79538
H 8.55185 1.53146 2.10302
H 9.78352 1.53146 9.65173
H 8.55185 14.42054 2.10302
29
C 7.05141 2.57625 0.14106
C 11.28395 13.37575 11.61369
C 11.28395 2.57625 11.61369
H 6.54692 2.03846 0.78369
H 11.78845 13.91354 10.97105
H 11.78845 2.03846 10.97105
C 6.03470 3.83327 7.45721
C 12.30067 12.11873 4.29753
C 12.30067 3.83327 4.29753
C 6.03470 12.11873 7.45721
O 6.27349 5.12059 7.88743
O 12.06188 5.12059 3.86731
O 4.90198 3.33397 6.98232
O 13.43338 12.61803 4.77243
O 13.43338 3.33397 4.77243
O 4.90198 12.61803 6.98232
O 11.94262 13.00726 3.20787
O 11.94262 2.94474 3.20787
O 6.39274 13.00726 8.54687
O 6.73584 4.49846 6.82833
O 11.59952 11.45354 4.92641
O 11.59952 4.49846 4.92641
O 6.73584 11.45354 6.82833
O 4.62513 4.16028 7.56300
O 13.71023 11.79172 4.19174
O 4.62513 11.79172 7.56300
C 9.21621 11.92252 11.86759
C 9.21621 4.02947 11.86759
C 7.34115 12.58932 -0.36675
H 10.01035 3.08087 -0.36209
H 10.01035 12.87113 -0.36209
H 7.63018 13.14757 -1.11818
H 6.43184 3.11227 -0.10318
30
H 7.35573 11.64657 -0.63588
H 9.42703 3.49414 -0.87391
H 8.90834 12.45786 12.62865
H 8.90834 3.49414 12.62865
H 9.76859 11.18079 12.19266
H 9.76859 4.77121 12.19266
H 7.32757 2.01105 -0.61299
H 11.00780 13.94095 12.36773
H 11.00780 2.01105 12.36773
H 6.49003 12.64466 -0.18978
H 11.98082 13.14398 12.30556
H 11.67151 3.30756 11.80518
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Table A.2. Cartesian coordinates for the straight isomer.
Atom X Y Z
Mn -0.9960 1.6960 1.4580
Mn 0.9110 -1.6320 -1.2510
Mn 1.2180 1.9160 -0.5100
Mn -1.3030 -1.8520 0.7160
Mn -0.9610 0.5510 -1.9940
Mn 0.8770 -0.4860 2.2010
O -1.4130 0.7450 -4.1090
O 1.3240 -0.1240 4.3850
O 2.9370 -1.2700 3.0910
O -3.5850 -2.4210 1.5310
O -1.7260 -3.8770 1.4910
O 1.8510 3.9470 -1.0900
O 3.5930 2.3440 -1.1460
O -1.6130 3.3410 2.7180
O 2.1090 -2.9160 -2.6140
N -3.4600 0.1070 3.0450
N 3.3710 -0.1470 -2.8640
N -2.6590 3.2140 -1.8370
N 3.0950 -2.5160 0.2290
N -4.1020 -0.5120 4.0200
N -3.4340 -1.3960 4.6680
N -2.2460 -1.3630 4.0930
N 2.2930 1.4990 -3.7950
N 3.4760 1.4660 -4.3780
N 4.0630 0.4840 -3.7980
N -3.1130 4.4540 -1.7960
N -2.4630 5.2700 -1.0500
N -1.5010 4.5210 -0.5380
N 2.2070 -3.9390 1.6060
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N 3.4450 -4.3530 1.3950
N 3.9130 -3.4910 0.5700
N 1.1630 1.5580 1.5760
N -1.2130 -1.4380 -1.3390
N 3.5310 1.8130 1.9370
N -3.3610 -2.4600 -1.6380
N 4.1780 2.4090 2.9220
N -3.8840 -3.0510 -2.6970
N 3.4540 2.9560 3.8290
N -3.1240 -3.1420 -3.7260
N 2.2220 2.7030 3.4260
N -1.9990 -2.5770 -3.3290
N 1.1830 0.3500 -1.9880
N -1.2400 -0.2680 2.1920
N -0.8750 2.1770 -0.6240
N 0.8460 -2.0670 0.8570
C -5.9190 1.1160 4.0280
C -5.9330 -0.8490 5.6090
C -6.2250 -1.2280 3.1300
C -5.5760 -0.3580 4.2100
C -2.2330 -0.4540 3.0430
C -1.1910 -2.2690 4.5070
C 1.3050 2.5000 -4.1610
C 2.1940 0.5170 -2.8130
C 5.4580 0.0790 -4.1230
C 6.2490 0.1620 -2.8160
C 6.0140 1.0440 -5.1630
C 5.3910 -1.3510 -4.6600
C -3.8190 5.0890 -4.0300
C -4.8420 6.1670 -1.9840
C -5.3210 3.7450 -2.5050
C -4.3010 4.8790 -2.5940
C -1.6110 3.2080 -0.9860
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C -0.5150 5.1180 0.3480
C 1.3340 -4.5910 2.5600
C 1.9480 -2.7790 0.8990
C 5.3160 -3.5110 0.0710
C 5.2570 -3.3570 -1.4490
C 5.9580 -4.8290 0.4810
C 6.0050 -2.3070 0.7190
C 6.1060 3.3350 1.7860
C -5.7220 -4.0190 -1.4260
C 6.1480 1.0040 2.7520
C -6.0550 -2.0520 -2.9820
C 6.1120 2.9950 4.2960
C -5.5610 -4.3430 -3.9230
C 5.6690 2.4420 2.9480
C -5.3370 -3.3850 -2.7590
C -0.8700 -2.4930 -4.2360
C 1.0690 3.1100 4.2040
C -2.1160 -2.1150 -2.0250
C 2.2230 1.9890 2.2350
H -7.0020 1.2290 4.1310
H -7.0070 -0.7090 5.7520
H -7.3130 -1.1500 3.2180
H -5.4030 -0.2750 6.3740
H -5.9290 -2.2740 3.2540
H -5.4250 1.7310 4.7840
H -5.6990 -1.9080 5.7370
H -5.6090 1.4760 3.0460
H -5.9190 -0.8950 2.1350
H -1.6170 -2.9510 5.2400
H -0.3580 -1.7050 4.9320
H -0.8630 -2.8470 3.6370
H 1.0380 3.0910 -3.2810
H 0.4190 2.0110 -4.5710
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H 1.7670 3.1560 -4.8970
H 5.8430 -0.5290 -2.0740
H 4.8790 -2.0090 -3.9530
H 6.0270 2.0700 -4.7860
H 4.8550 -1.3790 -5.6130
H 6.2050 1.1770 -2.4080
H 5.4300 1.0190 -6.0860
H 7.2920 -0.0980 -3.0160
H 7.0390 0.7390 -5.3910
H 6.4080 -1.7200 -4.8210
H -4.6720 5.3760 -4.6520
H -5.7410 6.4510 -2.5380
H -6.2180 4.0460 -3.0530
H -4.1180 6.9820 -2.0530
H -5.5900 3.5530 -1.4610
H -3.0740 5.8900 -4.0710
H -5.1050 6.0230 -0.9320
H -3.3910 4.1660 -4.4290
H -4.9250 2.8260 -2.9430
H -1.0380 5.6750 1.1250
H 0.1620 5.7510 -0.2270
H 0.0590 4.3080 0.7980
H 0.3170 -4.5720 2.1640
H 1.3850 -4.0590 3.5160
H 1.6750 -5.6170 2.6850
H 4.6540 -2.4860 -1.7210
H 5.5000 -1.3830 0.4230
H 5.4030 -5.6750 0.0690
H 5.9800 -2.3860 1.8100
H 4.8110 -4.2400 -1.9130
H 6.0080 -4.9320 1.5670
H 6.2780 -3.2270 -1.8240
H 6.9760 -4.8480 0.0800
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H 7.0470 -2.2690 0.3900
H -5.7170 -1.5880 -3.9140
H 5.7350 4.3560 1.9150
H -5.1710 -4.9480 -1.2590
H 7.1990 3.3600 1.7500
H -6.7930 -4.2410 -1.4480
H 5.7570 0.3560 3.5410
H -5.5100 -3.3470 -0.5920
H 5.7220 2.9490 0.8380
H 5.8170 0.6210 1.7850
H -5.8500 -1.3650 -2.1570
H 7.2410 0.9950 2.7850
H -7.1330 -2.2310 -3.0420
H 5.7590 4.0180 4.4470
H -4.9770 -5.2600 -3.7960
H 5.7460 2.3700 5.1150
H -5.2940 -3.8850 -4.8780
H 7.2050 2.9980 4.3160
H -6.6210 -4.6060 -3.9450
H 1.4360 3.5720 5.1190
H -1.2310 -2.1280 -5.1980
H 0.4610 3.8150 3.6340
H -0.3870 -3.4680 -4.3270
H -0.1650 -1.7690 -3.8240
H 0.4760 2.2250 4.4450
Cl -2.9280 0.6130 -4.2720
O -3.4610 1.8660 -4.7870
Cl 2.6830 -0.7840 4.4870
O 2.6150 -1.9040 5.4120
Cl -3.2010 -3.8290 1.8520
O -3.9400 -4.7840 1.0480
Cl 3.3390 3.7960 -1.3770
O 4.0930 4.6190 -0.4450
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Cl -3.0760 3.6480 2.3880
O -3.8860 3.3830 3.5630
Cl 1.5880 -4.3120 -2.3160
O 1.3550 -5.0160 -3.5680
O -3.1990 -0.5010 -5.1740
O -3.4180 0.3210 -2.9050
O 3.6750 0.2110 4.8730
O -3.3500 -4.0810 3.2820
O 3.5940 4.1470 -2.7680
O 0.3190 -4.0720 -1.5790
O -3.3900 2.7330 1.2660
O 2.5450 -5.0140 -1.4620
O -3.1700 5.0420 1.9640
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Table A.3. Cartesian coordinates for the twisted isomer.
Atom X Y Z
Mn 0.3790 1.7710 1.4610
Mn 1.9590 -1.5290 0.4980
Mn 1.1860 1.0470 -2.1630
Mn -1.5940 1.5160 -0.9010
Mn -0.0140 -1.7840 -1.8650
Mn -0.8210 -1.0600 1.7590
O -0.1370 -2.5940 3.4510
O -2.2310 -1.5000 3.5030
H 0.2840 5.1530 -3.6120
H 0.1850 3.4100 -3.3180
C 0.7320 4.3220 -3.0700
H 1.7880 4.2150 -3.3220
N 0.5680 4.5760 -1.6500
C 0.4410 3.6570 -0.6140
N 0.4630 5.8140 -1.1990
N 0.2780 5.6680 0.0600
N 0.2620 4.4210 0.4990
H -1.4970 7.6420 -0.1820
H -1.6710 6.1470 1.8470
C -0.5180 7.9700 0.1800
H 0.0840 8.2910 -0.6720
C 0.1700 6.8540 0.9620
C -0.6660 6.4360 2.1680
H -0.1960 5.6100 2.7080
H -0.6540 8.8230 0.8500
H -0.7460 7.2950 2.8410
C 1.5940 7.2370 1.3680
H 2.1770 7.5170 0.4860
H 2.0830 6.4070 1.8830
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H 1.5520 8.0940 2.0450
N 0.4300 2.3480 -0.6700
O 0.6530 2.7760 3.4230
O 2.4950 2.8290 1.9370
H 0.5230 -0.6380 5.7760
H -0.1570 0.1490 4.3350
C 0.6790 0.1460 5.0360
H 0.7710 1.1310 5.4940
N 1.8800 -0.1330 4.2740
N 3.0420 -0.2490 4.8920
C 2.0400 -0.2300 2.8970
N 3.8760 -0.4310 3.9360
N 3.3680 -0.4340 2.7180
H 5.2320 0.1300 6.2280
H 5.1360 -1.6300 6.0060
C 5.6060 -0.7120 5.6420
C 5.3480 -0.5160 4.1530
H 5.5100 1.6490 4.2190
C 5.9270 0.8110 3.6540
H 6.6860 -0.7910 5.7900
H 5.3840 -2.6320 3.6490
C 5.8560 -1.6980 3.3310
H 5.6940 0.9530 2.5950
H 5.6510 -1.5570 2.2670
H 7.0130 0.7960 3.7820
H 6.9370 -1.7860 3.4750
N 1.1290 -0.1720 1.9520
O 4.2920 -2.2170 0.1120
O 2.7090 -3.4990 1.3080
H 1.9420 -2.7390 -4.0470
H 3.4090 -3.7610 -4.0660
C 2.7630 -3.1410 -3.4460
H 2.3770 -3.7340 -2.6130
39
N 3.5600 -2.0520 -2.9270
N 4.8520 -1.9400 -3.1860
C 3.1320 -1.0390 -2.0880
H 7.4580 -2.2540 -3.1530
N 5.1850 -0.8810 -2.5400
H 7.0680 -1.1170 -4.4620
C 7.4380 -1.1990 -3.4370
N 4.2270 -0.2780 -1.8670
H 6.9960 -1.6050 -0.7350
C 6.5850 -0.3770 -2.4800
H 8.4580 -0.8070 -3.4010
C 7.0380 -0.5520 -1.0280
H 6.2210 1.2020 -3.9220
H 6.3940 0.0210 -0.3560
C 6.5510 1.0960 -2.8860
H 8.0670 -0.1940 -0.9320
H 5.8680 1.6580 -2.2450
H 7.5590 1.5080 -2.7860
N 1.9180 -0.8980 -1.5890
O 1.5220 0.8580 -4.4210
O 2.9990 2.1200 -3.0890
H -6.7830 -1.1530 -1.9320
H -6.8840 1.3980 -2.4020
H -5.1300 -0.9680 -1.2840
C -5.7200 -1.1320 -2.1920
C -5.8090 1.3640 -2.6070
H -5.2650 1.5410 -1.6750
H -7.2800 -0.2260 -4.3050
H -5.4360 -2.0960 -2.6240
C -5.4720 -0.0040 -3.1980
C -6.2070 -0.2490 -4.5100
H -5.5610 2.1690 -3.3040
H -5.9520 -1.2210 -4.9360
40
H -5.9750 0.5290 -5.2430
N -3.1460 0.3400 -2.5310
N -4.0060 -0.0180 -3.4660
N -3.4960 -0.5010 -4.5380
C -1.9230 0.0320 -3.0410
N -2.1900 -0.4480 -4.3190
C -1.2300 -0.8860 -5.3160
H -1.5810 -0.5690 -6.2980
H -1.1260 -1.9730 -5.2870
H -0.2810 -0.3980 -5.0840
N -0.7930 0.1410 -2.4040
O -3.3310 2.9280 -0.4140
O -2.0670 3.3340 -2.3670
H -7.6790 -0.6000 1.6720
C -6.6910 -0.1870 1.4520
H -6.7920 0.5710 0.6690
H -6.0470 -0.9890 1.0870
H -7.9940 1.0900 3.5010
H -6.7810 -1.1670 4.0200
C -6.1200 0.4270 2.7300
C -7.0250 1.5340 3.2590
H -7.1740 2.3170 2.5100
C -5.8510 -0.6390 3.7930
H -5.1050 -1.3550 3.4360
H -6.6150 1.9890 4.1630
N -4.7970 1.0160 2.3830
H -5.4750 -0.1790 4.7120
N -3.8770 0.3090 1.7480
N -4.4480 2.1910 2.7690
C -2.7860 1.1190 1.7180
N -3.1950 2.2820 2.3670
C -2.4390 3.5070 2.5240
H -2.1150 3.8540 1.5380
41
H -3.0990 4.2450 2.9780
H -1.5700 3.3370 3.1650
N -1.6020 0.9010 1.1930
H 1.3860 -4.8870 -0.0160
H 0.4070 -5.2770 -1.4740
C 0.4800 -5.3660 -0.3860
H 0.4640 -6.4160 -0.0970
N -0.6630 -4.7160 0.2230
C -0.8570 -3.3550 0.4070
N -1.7490 -5.3950 0.5560
N -2.1140 -3.2510 0.9100
N -2.5620 -4.4910 0.9630
H -3.5330 -6.9040 1.6950
H -3.4700 -5.8310 3.1160
C -3.9980 -6.0450 2.1840
H -4.1980 -5.9580 -0.5700
C -3.9860 -4.8210 1.2730
C -4.6560 -5.0970 -0.0760
H -4.5550 -4.2270 -0.7320
H -4.1070 -3.3960 2.9020
C -4.6090 -3.6080 1.9560
H -4.5370 -2.7200 1.3210
H -5.0370 -6.2980 2.4140
H -5.7190 -5.3010 0.0880
H -5.6630 -3.8340 2.1470
N -0.0490 -2.3520 0.1650
O -0.5370 -3.4290 -3.1640
O -2.1220 -3.8900 3.9690
Cl -1.4480 -2.6110 4.1720
O -1.2760 -2.3120 5.5850
Cl 2.0920 3.2560 3.3040
O 2.1300 4.7030 3.4510
O 2.9000 2.5850 4.3170
42
O 3.7670 -4.4510 -0.6500
O 5.0570 -4.1550 1.3760
Cl 4.0000 -3.6220 0.5360
O 2.7920 2.6660 -5.4440
Cl 2.8480 1.5770 -4.4840
O 3.9090 0.6210 -4.7820
O -4.2840 4.3200 -2.1660
Cl -3.0630 3.9860 -1.4570
O -2.4560 5.1510 -0.8120
O -2.6630 -3.6540 -4.3090
Cl -2.0330 -3.7010 -2.9980
O -2.1970 -4.9900 -2.3400
O -2.5220 -2.5990 -2.1320
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